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Abstract
To study the eﬀect of galactic cosmic rays on aerosols and clouds, the Cosmic Leaving
OUtdoor Droplets (CLOUD) project was established. Experiments are carried out at
a 26m
3 tank at CERN (Switzerland). In the experiments, the eﬀect of ionising par-
ticle radiation on H2SO4 particle formation and growth is investigated. To evaluate 5
the experimental conﬁguration, the experiment was simulated using a coupled multi-
dimensional CFD – particle model (CLOUD-FPM). In the model the coupled ﬁelds of
gas/vapour species, temperature, ﬂow velocity and particle properties were computed
to investigate the tank’s mixing state and mixing times. Simulation results show that the
mixing state of the tank’s contents largely depends on the characteristics of the mixing 10
fans and a 1-fan conﬁguration, as used in ﬁrst experiments, may not be suﬃcient to en-
sure a homogeneously mixed chamber. To mix the tank properly, 2 fans are necessary.
The 1/e response times for instantaneous changes of wall temperature and saturation
ratio inside the chamber were found to be in the order of few minutes. Particle nucle-
ation and growth was also simulated and particle number size distribution properties of 15
the freshly nucleated particles (particle number, mean size, standard deviation of the
assumed log-normal distribution) were found to be mixed over the tank’s volume similar
to the gas species.
1 Introduction
Atmospheric aerosols are complicated multiphase systems, inﬂuencing earth’ climate 20
directly via absorption and scattering of solar radiation and indirectly via cloud pro-
cesses. Key parameters for physical and chemical behaviour are micro-physical prop-
erties, i.e., particle/droplet number size distribution and chemical composition of the
particles. However, the processes, which control these properties are not well un-
derstood. Largest uncertainties in understanding the current climate change are con- 25
tributed to aerosols and clouds (IPCC2007, 2007). These uncertainties partly result
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from solar-related contributions, such as the eﬀects of galactic cosmic rays on aerosols
and clouds (Svensmark and Friis-Christensen, 1997; Carslaw et al., 2002), and re-
quires further research.
To investigate the eﬀect of galactic cosmic rays on particle nucleation, the Cosmic
Leaving OUtdoor Droplets (CLOUD) project was established. Within this project, ex- 5
periments are carried out at a large volume cloud chamber (26m
2), located at CERN
(Switzerland). In the CLOUD-09 chamber, aerosol particles, cloud droplets and ice
crystals can be exposed to simulated atmospheric conditions and a particle beam
provided by the CERN Proton Synchrotron (PS) particle accelerator. The chamber
is equipped with a large number of diﬀerent instruments to study aerosol-cloud-cosmic 10
rays micro-physics under well deﬁned conditions. Results of the pilot experiments were
already presented in Duplissy (2010).
A big issue in large volume cloud chambers like the CLOUD-09 chamber at CERN is
to achieve spatial homogeneity. This includes thermodynamic conditions, gas compo-
sition and particle properties. Homogeneity in the tank becomes more complicated, if 15
several parameters are changed during the experiments (e.g. via UV-illumination sys-
tem, particle nucleation, trace gas input, wall cooling). To achieve homogeneity, mixing
fans are usually applied in such experiments. To check the mixing state, measurements
are made at several selected points. However, it is not possible to check all parameters
continuously. Therefore, numerical simulations are helpful and necessary. 20
A theoretical study about cloud droplet formation in a similar (shape, aspect ratio),
but smaller (12m
2) cloud tank was already given by Sch¨ utze and Stratmann (2008). It
was stated that a 1-fan conﬁguration should be, due to large wall eﬀects, avoided and
replaced by 2 fans with a face to face conﬁguration. However, simulations presented
in Sch¨ utze and Stratmann (2008) were not performed for the actual CLOUD geometry 25
and not evaluated with experimental cloud chamber data.
This paper presents numerical simulation results for a cloud tank with the geome-
try of the CLOUD-09 chamber in comparison to experimental data. Aim of the study
was to evaluate the mixing state with respect to both, gaseous species and particles.
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Simulations were carried out using a coupled computational ﬂuid dynamics (CFD) –
particle model (CLOUD-FPM). After a very brief description of the experimental set-up,
fundamental aspects of the simulations are given, followed by several model results in
comparison to experimental data.
2 The CLOUD-09 chamber 5
The CLOUD-09 chamber, located at CERN, is a cylindric stainless steel tank with a
height of approx. 4.0m and a diameter of approx. 3.0m. The resulting volume of the
tank is about 26m
3. A schematic diagram of the chamber is shown in Fig. 1.
Diﬀerent inlets at the bottom, and outlets at the sampling line and top of the tank
can be used to connect sampling probes, to put trace gases into the chamber and to 10
evacuate the chamber. Additionally, two fans can be installed inside the chamber to
continuously mix the tank’s contents. They are located next to the ﬂanges at the top
and the bottom (see Figs. 1 and 2). The mixing fans were not housed in the set up
investigated here. However, for future experiments hoods around the fans will be used
to increase the fan eﬃciency at low fan speeds. At the top of the tank, there is also an 15
UV-illumination system (illustrated in Fig.6), which is used to trigger the OH production
via ozone photolysis. The OH radicals then react with SO2 to form sulphuric acid
(H2SO4). Dependent on the H2SO4 concentration and on thermodynamic conditions,
H2SO4 particle nucleation will occur and can be studied.
The chamber can be exposed to a 3.5GeV/c positively charged pion (π
+) beam 20
from a secondary target of the T11 beamline in the East Hall at the CERN PS. This
π
+ energy is quite close to energies of cosmic ray muons in the lower troposphere.
The beam intensity can be varied to yield between about 1i.p.cm
−3 (no beam) and
10000i.p.cm
−3. For comparison, typical lower tropospheric concentrations are in the
order of 1000i.p.cm
−3. The ion-pair concentration vs. beam intensity was investigated 25
in Duplissy (2010).
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3 Numerical model
3.1 General remarks and numerical grid
An important requirement for the experiments at the CLOUD-09 chamber are well po-
sitioned sampling points and a tank’s mixing state being as homogeneous as possible.
In case of a non well-mixed chamber, the sampling probes may not be representa- 5
tive for the whole tank. To evaluate the experimental conﬁguration, the CLOUD-09
chamber was simulated using the commercially available CFD code FLUENT (ANSYS
Inc., Canonsburg, PA, USA) together with the Fine Particle Model (FPM, Wilck et al.
(2002), Particle Dynamics GmbH, Leipzig, Germany). The FLUENT model allows the
simulation of a wide range of small scale ﬂuid problems, while the FPM was developed 10
for modelling particle dynamical processes. Both models together form the so-called
CLOUD-FPM, a model being capable of handling the coupled ﬂuid and particle dynam-
ical processes taking place inside the CLOUD chamber. In CLOUD-FPM, all relevant
properties like velocity, temperature, pressure, turbulence parameters, wall losses of
the condensable gas phase species and nucleation and growth of ultraﬁne aerosol 15
particles are treated explicitly.
For the simulations, the geometry of the CLOUD-09 chamber has to be discre-
tised on a numerical grid. Because of the cylindric geometry of the tank, a 2-D axis-
symmetric grid has been used. Compared to a 3-D treatment, such a grid reduces the
computational costs signiﬁcantly. Nevertheless, it is obvious that individual wholes (in- 20
lets/outlets) at the chamber bottom/side cannot be simulated using an axis-symmetric
grid (bottom: if outside of the tank axis). However, the aim of the current study was
to evaluate the tank’s mixing state (and not a detailed description of each measuring
apparatus probe around the tank), which can be fulﬁlled by a 2-D grid. Possible eﬀects
of such discrete in- and outlets may be studied later on a more detailed 3-D grid. 25
The ﬂow ﬁeld inside the chamber is of turbulent nature, even for small ﬂow velocities
in the order of few centimetres per second. Therefore, a k--turbulence-model (Jones
and Launder, 1972; Launder and Spalding, 1973) with enhanced wall functions was
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applied for this study. Enhanced wall functions means that a near wall model approach
is utilized and the near wall region (laminar boundary layer) has to be resolved by the
numerical grid. In more detail, at least 10–20 grid cells within the laminar boundary
layer are necessary. The numerical grid used for the simulations shown here has
about 20000 grid cells and was generated matching the requirements of the applied 5
(turbulence) model.
3.2 Mixing fans
One of the key parameters in the numerical simulations is a proper description of the
mixing fans. Simulations on a 2-D grid do not allow a one to one description of the
fans used in the experimental set up (ﬁrst conﬁguration: 8-blade fans, actually: 4- 10
blade fans). In the model, the mixing fans are treated as zero thickness layers with a
pressure jump δp across the layer. Pressure jump and shape of the fans have to be
adjusted to experimental data. Two kinds of information were available. These were (a)
time dependent measurements of H2SO4 concentrations of so called H2SO4 lifetime
experiments, and (b) a measured internal radial velocity proﬁle 50cm above the mixing 15
fan. Both properties were included into the investigations and are discussed in the
following. Thereby, it will be shown that the mixing fans have an important inﬂuence on
the mixing state of the tank.
4 Results and discussion
4.1 H2SO4 lifetime experiments 20
4.1.1 Description and experimental data
Due to molecular and turbulent vapour mass diﬀusion, H2SO4 is continuously lost to
the wall. If there is no additional source, successive H2SO4 measurements allow to
determine the loss of H2SO4. For the quasi constant properties characterizing gas
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composition and thermodynamic conditions during one experiment, the vapour diﬀu-
sion coeﬃcients can be considered as constant. The free parameter in the simulations
is the fan speed, inﬂuencing the tank’s mixing. Its value is ﬁtted to H2SO4 lifetime
experiments.
For the H2SO4 lifetime experiments, the chamber was initially fed with the H2SO4 5
precursor gases (ozone, SO2 and water vapour). H2SO4 then was produced via ozone
photolysis and reaction with SO2. Because their concentrations were several orders
of magnitude higher than the H2SO4 concentration (10
12 cm
−3 compared to 10
8 cm
−3),
the amount of the precursor gases was quasi constant during the time scale of a typical
experiments (several hours). After a certain period of time, H2SO4 production and loss 10
to the wall were in equilibrium, resulting in a quasi constant H2SO4 concentration.
Switching oﬀ the UV-illumination system again, the H2SO4 production was stopped.
The subsequent decrease of H2SO4 due to the transport to the wall loss was recorded
via H2SO4 measurements at the sampling points of the tank. The temporal decrease
of the H2SO4 concentration for a such an experiment using a 1-fan conﬁguration is 15
shown in Fig. 3 (black line). The x-axis gives the running time and the y-axis the H2SO4
concentration. Thereby, the zero value on the time axis was switched to the beginning
of the H2SO4 decrease. Figure 3 shows that, at the sampling volume, the H2SO4
concentration is reduced by 90 percent after 15min. Short term ﬂuctuations of the
H2SO4 concentrations were less than 20 percent. But because of the small sampling 20
volume these are local ﬂuctuations and give no information about the mixing state of
the total tank. To evaluate the mixing state, numerical simulations are necessary.
4.1.2 Simulation results
In the CLOUD-FPM simulations, suitable boundary conditions must be chosen. All
thermodynamic conditions (e.g. T, RH) were adjusted to values equal to those in the 25
experiments (T =291.65K, RH=38%). The H2SO4 concentration was prescribed as
initial value. Thereby, a homogeneous distribution was assumed. Sources and addi-
tional sinks for H2SO4 were excluded.
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Typical concentrations of H2SO4 in the CLOUD experiments are in the order of
10
6 cm
−3 to 10
8 cm
−3, corresponding to a H2SO4 mass in the order of 10
−12 kg up
to 10
−10 kg for the whole tank. Due to the small total amount of H2SO4, it is a suitable
assumption to consider the tank’s wall as an inﬁnite sink for H2SO4. In the model this
was done by deﬁning a H2SO4 mass fraction of zero at the wall. 5
Diﬀusion coeﬃcients needed for the simulations (here: H2SO4 in air and H2O), were
taken from literature values. Marti et al. (1997) reported a diﬀusion coeﬃcient around
0.1cm
−3 s
−1 for H2SO4 vapour in N2 with a small increase with decreasing relative
humidity. Hanson and Eisele (2000) reported RH dependent diﬀusion coeﬃcients of
H2SO4 in N2 and found values around 0.094cm
2 s
−1 at 298K. However, it was stated 10
in Brus et al. (2010) that diﬀusion coeﬃcients given by Hanson and Eisele (2000) over-
estimate experimental data collected in air instead of nitrogen. Therefore, H2SO4 diﬀu-
sion in air is supposed to be slower than in N2. Furthermore it was found that diﬀusion
decreases with increasing RH and values of 0.06cm
2 s
−1 were reported for H2SO4 in
H2O (Hanson and Eisele, 2000). According to these studies, diﬀusion coeﬃcients of 15
0.09cm
2 s
−1 (H2SO4 in air) and 0.06cm
2 s
−1 (H2SO4 in H2O) were applied for simula-
tions shown here.
From the experimental data it is not known whether the tank is well mixed or not. In
the simulations the fan was therefore adjusted by a comparison of simulated H2SO4
concentrations in the assumed sampling volume (at the mid height of the chamber, 20
20cm distance to the wall) to the experimental values. Simulation results for the ﬂat
disc fan layer with adjusted pressure jump layers compared to the measured H2SO4
concentrations are shown in Fig. 3 (green line). For a given fan geometry, the calcu-
lated H2SO4 concentration mainly depends on the fan speed. In general, the larger the
fan speed, the more H2SO4 is transported to the wall in a considered time interval. 25
To evaluate the mixing state, standard deviations of the calculated H2SO4 concentra-
tions are also included into Fig. 3. The values are volume weighted values calculated
for the whole tank and represents a measure for the inhomogeneity in the CLOUD tank.
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The standard deviations were calculated as:
σH2SO4 =
v u
u
u
t
PN
cell=1Vcell

ρH2SO4,cell−ρH2SO4,mean
2
PN
cell=1Vcell
(1)
where ρH2SO4,cell is the H2SO4 concentration in the actual grid cell and ρH2SO4,mean is
the average H2SO4 concentration.
Figure 3 shows that simulated standard deviations are about 10 percent of the total 5
H2SO4 concentration (dark grey area). Furthermore, these 10 percent variation mainly
result from the concentration gradient at the wall. This suggests that, with respect to
H2SO4, the tank is almost well (homogeneously) mixed for this fan conﬁguration. The
concentration at the sampling volume almost equals the average value (green dotted
line=green solid line). It can be concluded that measured H2SO4 concentrations are 10
representative for the whole tank and can be compared to simulated average values.
The second input parameter for ﬁtting simulation results to experimental data, a mea-
sured internal velocity proﬁle 50cm above the non housed mixing fan, is shown in Fig. 4
(black dots). The velocity magnitude was measured with a hot-wire anemometer, the
ﬂow direction was not measured. Fig. 4 therefore only gives a 1-D proﬁle of the velocity 15
magnitude. The x-axis shows the radial position in the chamber beginning from the
center line, and the y-axis is the velocity magnitude. It can be seen that the velocity
magnitude is quite low (about 0.1m s
−1) and almost constant over a large part of the
measured radial proﬁle. Although measurements of such low velocities may only give
an approximate picture of the real conditions, it is obvious from the measurements that 20
a distinctive maximum (jet) above the fan (at the center) was not observed. The proﬁle
suggests that the non housed mixing fan used in the CLOUD-09 chamber produces a
broad swirl.
With this behaviour, the measured internal velocity proﬁle is in clear contrast to simu-
lation results with ﬂat disc shaped fans (Fig. 4, green line). The simulated proﬁle shows 25
a large velocity maximum (jet) above the fan region. Outside of this region, the velocity
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magnitude falls down to much lower values. The jet above the fan was found indepen-
dently of the pressure jump settings (velocity magnitude) for this fan geometry. In other
words, the measured internal velocity proﬁle could not be reproduced in simulations
with such a fan geometry.
To achieve a velocity proﬁle as observed in the experiments (Fig. 4), the shape of 5
the pressure jump fan layers was modiﬁed and curved fans were applied in additional
simulations (as illustrated in Fig. 5). It is shown in Fig. 4 that internal velocity proﬁles
derived from simulations with such a curved fan may ﬁt the experimental data very well
(red line).
The wall loss experiment was also simulated for the arc shaped set up with pressure 10
jump settings adjusted to the experimental velocity proﬁle and also ﬁt the experimental
data very well (Fig. 3, red dotted line). On the other hand, such a fan is not suitable
to provide a well mixed tank. As shown in Fig. 3, standard deviations of the H2SO4
concentration are much larger than for the ﬂat fan conﬁguration and goes up to more
than 50 percent of the current value (light grey area). Thereby the average H2SO4 15
concentration (red solid line) is clearly above the concentration at the sampling volume,
indicating that the concentration at the sampling volume is not representative for the
whole tank. This means the measured H2SO4 concentrations cannot be compared to
the average values calculated for the whole tank.
In simulations shown above, the H2SO4 concentration was initially deﬁned. for the 20
further investigations, the production of H2SO4 in the tank was included into the sim-
ulations shown in the following. Because the quasi constant concentrations of the
precursor gases, the production rate was also assumed to be constant with respect
to time. Also for that reason, the calculation of the chemical reactions was left out of
the simulations. In the simulations shown here it was further assumed that the H2SO4 25
production only takes place in the (with high intensity) UV-light illuminated part of the
tank (Fig. 6, area of red and yellow color). However, a sensitivity study with additional
simulations assuming a constant H2SO4 production rate in the whole tank gave very
similar results (for equal total H2SO4 production) and are therefore not discussed here.
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In the experiments, the H2SO4 concentrations span about 3 orders of magnitude
(10
6 cm
−3–10
8 cm
−3). For that reason, H2SO4 source rates estimated from the exper-
imental data also vary about 3 orders of magnitude and values in the range between
about 10
4 cm
−3 s
−1 and 10
6 cm
−3 s
−1 were found.
In the simulations, H2SO4 source rates again were adjusted to measured H2SO4 5
concentrations and then compared to experimentally determined production rates
given above. Simulation results assuming a constant source rate of 1.5×10
4 cm
−3 s
−1
for both fan treatments are exemplarily shown in Fig. 7. The simulated H2SO4 con-
centrations agree with the experimental data for both fan settings and a reasonable
H2SO4 source rate within the calculated standard deviation, indicating that the simple 10
approach of a constant H2SO4 production rate gives proper results.
It can be concluded that both, the ﬂat fan simulation with pressure jump settings
adjusted to experimental H2SO4 wall loss data and also the arc shaped simulation with
pressure jump settings ﬁtted to the measured internal velocity proﬁles, can simulate
the observed temporal change of the H2SO4 concentration during the H2SO4 lifetime 15
experiments very well. As it can be seen from calculated standard deviations of the
H2SO4 concentration, the ﬁrst case (ﬂat fan) provides a well mixed tank, while for the
second case (arc shaped fan) the H2SO4 is inhomogeneous distributed over the whole
tank.
The measured internal velocity proﬁle could be reproduced only by the arc shaped 20
fan simulation. Although it is obvious that a jet above the mixing fan, as found in
the ﬂat fan simulation, was not observed in the measurements, it has to be kept in
mind that velocity measurements are very diﬃcult for such low values. From the data
discussed here it is therefore not possible to decide whether the ﬂat or the arc shaped
fan conﬁguration should be preferred in the the simulations. In the following, both 25
conﬁgurations are compared representing the possible extreme cases.
20023ACPD
11, 20013–20049, 2011
Numerical
simulations of the
CLOUD chamber
J. Voigtl¨ ander et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
4.2 Cross section proﬁles
Cross section proﬁles for ﬂat fan simulation are shown in Fig. 8 (velocity) and Fig. 9
(turbulent intensity). The jet with highest velocity in the region above the fan is clearly
visible. The cylindrical region of smaller velocities above the fan hub narrows with
increasing distance of the fan. At the top of the tank, the jet dissipates resulting in a 5
(weak) back ﬂow along the wall. In the other regions of the tank, the velocity is very low,
but overall the whole tank is captured by the mixing fan (as also found in the H2SO4
data). According to the velocity proﬁle, highest values of turbulence intensity are found
in the shear stress region of the jet, on the fan hub and the wall (Fig. 9). Looking also
at the other parts, the overall turbulence intensity is relatively low (mainly below 25%). 10
Furthermore, the inﬂuence of the wall is, due to the back ﬂow jet, comparably large.
This supports an eﬀective transport towards the wall and reduces the turbulent mixing
inside the chamber. Already Sch¨ utze and Stratmann (2008) stated that such a 1-fan
conﬁguration has, with respect to mixing state and wall impact, drawbacks and should
be therefore replaced by a 2-fan conﬁguration with a face to face orientation of the fans. 15
Cross section proﬁles for the arc shaped fan conﬁguration are shown in Fig. 8 (ve-
locity) and Fig. 9 (turbulent intensity). The proﬁle diﬀers signiﬁcantly from those shown
in Fig. 8 and Fig. 9. The swirl of the modiﬁed mixing fan is much broader, but limited
to one half of the tank. In the upper half of the tank the velocity is almost zero and this
part is therefore not mixed by the fan. The turbulent intensity (Fig. 11) around the fan 20
is much larger than in Fig. 9, but turbulent mixing is limited to the region next to the fan.
Comparing Figs. 9 and 11 it has to be concluded that, in case of a 1-fan conﬁguration,
the mixing of the tank’s contents is much better with the jet-like velocity proﬁle of the
ﬂat fan conﬁguration.
The results presented here impressively show the impact of the fans on the mixing 25
state, especially for a large tank like the CLOUD chamber. From the given experi-
mental data it has to be concluded that the CLOUD tank may not be homogeneously
mixed by a 1-fan conﬁguration. Simulation results with input parameters ﬁtted to the
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experimental data show that the upper half of the tank is not mixed for a 1-fan (arc
shaped) conﬁguration. The data suggest that there is an absolutely need for a second
mixing fan.
4.3 2-fan conﬁguration
To improve the mixing inside the tank, a second fan has been already installed in the 5
CLOUD-09 chamber for actual and further studies. Therefore, simulation results for a
2-fan conﬁguration were also carried out. The pressure jump settings for the second fan
were adjusted to the same values as ﬁtted for the ﬁrst fan. The proﬁles are not shown
here separately, but in such a 2-fan conﬁguration, the whole tank is well mixed for both,
ﬂat and an arc shaped mixing fans. Due to the second mixing fan and equal pressure 10
jump properties than for the 1-fan conﬁguration, H2SO4 wall loss and production rates
are increased and standard deviations of the H2SO4 concentration are much smaller
than for the 1-fan conﬁguration, indicating a well mixed tank.
4.4 Mixing of the CLOUD tank’s contents
Time resolved simulations were carried out to estimate time scales for mixing the tank’s 15
contents. In more detail, the response of the system to an instantaneous change of (a)
the wall temperature by 20K (291.65 to 271.65K), and (b) the water mass fraction at
the wall by 0.015 (0.05 to 0.20) was investigated. Simulations were performed for both,
the one and the two fan conﬁguration. The fan settings (1 or 2 fans, fan shape, pressure
jump settings) were the same as for the H2SO4 lifetime experiments described above. 20
Simulation results of the temperature jump simulation are shown in Fig. 12. Depen-
dent on the fan conﬁguration, the corresponding mixing times to reduce the diﬀerence
between wall and tank’s average value to 1/e of the initial value, called 1/e time in the
following, are between about 100s and 220s. For the ﬂat fan set up, the addition of a
second fan has only a small inﬂuence, because the 1-fan conﬁguration already provides 25
a well mixed tank. A similar behaviour was already found in Sch¨ utze and Stratmann
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(2008). In contrast, a second fan decreases the mixing time by a factor of more than
2 for the arc shaped fan conﬁguration. Because of the eﬀective turbulent mixing, the
arc shaped 2-fan conﬁguration has the smallest 1/e mixing time of all conﬁgurations
investigated here with a value of approx. 100s.
Similar as given for the H2SO4 concentration, a measure for the inhomogeneity in 5
the tank is the volume-averaged deviation of Tmean given by:
∆T =
v u
u
t
PN
cell=1Vcell(Tcell−Tmean)
2
PN
cell=1Vcell
(2)
where cell is the cell index, Vcell is cell volume and Tcell is cell temperature.
The volume-averaged deviation of Tmean is exemplarily shown for the arc shaped (1
fan) conﬁguration in Fig.12b. The dTmean value is zero in the beginning. This is due 10
to the homogeneous tank in the beginning of the time-dependent simulations. Caused
by the temperature change of the wall, it increases rapidly. After reaching a maximum
value it decreases slowly back to zero for long time scales. The inhomogeneity of the
tank is signiﬁcantly reduced, if a second fan is installed (∆Tmean reduced). Again it is
obvious that the usage of only 1-fan (arc shaped) is not suitable to provide a well mixed 15
tank.
Mixing time scales for heat and mass transport processes were found to be very
similar. The 1/e-times for a instantaneous jump of the water mass fraction at the wall
are almost identical to the 1/e-times for a temperature jump (around 180s) for the ﬂat
fan. Therefore, the results are not plotted again. 20
In summary it can be concluded that typical mixing times for the CLOUD tank are in
the range of few minutes.
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4.5 Simulation of particle nucleation and growth
Time dependent CLOUD-FPM calculations were also carried out to simulate the nu-
cleation and growth of H2SO4 - H2O particles in the CLOUD tank. Simulations again
were performed for diﬀerent fan conﬁgurations. The focus was on the investigation of
the mixing state and not a quantitative theoretical description of the experiments. For 5
that reason, aspects of ion induced nucleation or additional condensing gases (beside
H2SO4), as supposed in Duplissy (2010), were not considered.
The simulations were similar to the simulations shown above, except that the simu-
lation of particle dynamic processes were additionally switched on. At time t=0, the
particle concentration was set to zero. Particles were generated by nucleation from 10
H2SO4 vapour produced in the chamber. Therefore, a parametrization of the H2SO4
vapour dependent nucleation rate and the subsequent particle growth has to be in-
cluded into the model. With respect to the computational eﬀort, classical nucleation
theory is very expensive. Simpliﬁed parametrisations of nucleation rate J are based on
the equation: 15
J =K ·[conc]A (3)
with the concentration of the considered nucleating vapour [conc], and the ﬁtting pa-
rameters K (kinetic coeﬃcient) and A (exponential term), derived from experiments
(e.g., Berndt et al., 2006). Values of A=[1..2] were found to give the best results. For
example, Kulmala et al. (2004) presented a so called cluster activation theory, using 20
a value of A=1, resulting in K values between 10
−7 and 10
−5 s
−1 (Sihto et al., 2006;
Riipinen et al., 2007). McMurry (1980) presented a collision-controlled kinetic nucle-
ation parametrization with an exponential coeﬃcient of A=2. Therewith, ambient data
give results of K between 10
−14 and 10
−11 cm
−3 s
−1 (Sihto et al., 2006; Riipinen et al.,
2007; Kuang et al., 2008). The diﬀerent nucleation theories are compared in Herrmann 25
et al. (2010). They diﬀer, dependent on the conditions (RH, H2SO4 concentration), by
several orders of magnitude. Ion induced nucleation, investigated in the CLOUD-09
chamber, is a special issue. But as results presented here only want (a) to show the
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feasibility of the model to simulate such particle nucleation events and (b) to investigate
the the spatial and temporal inhomogeneity of the particle number size distribution, the
simple parametrization according to McMurry (1980) was applied for the simulation
shown here.
Particle growth of the freshly nucleated particles was described by a simple growth 5
law given by Seinfeld and Pandis (1997). Applying this growth law, there is no kinetic
description of the particle growth with respect to water. This means, concerning water
the particles are always assumed to be in thermodynamical equilibrium. The growth
law is given by:
dDp
dT
=
Mscα(Cvap−Ceq)
2ρ
WR (4) 10
where Dp is particle diameter, ρ is particle density, Ms is molar weight of H2SO4, c is
the mean molecular velocity of H2SO4 (assumed as 333m s
−1), α is the mass transfer
accommodation coeﬃcient (assumed to be 1), Cvap is the H2SO4 concentration, Ceq is
the equilibrium concentration of H2SO4 (assumed to be zero here), and WR is the ratio
of wet to dry particle diameter (dry: only H2SO4). Neglecting the Kelvin term, this ratio 15
only depends on RH.
WR was calculated by a linear ﬁtting equation according to vapour pressure values
given in Tabazadeh et al. (1997). In the FPM model, the particle number size distribu-
tion was described by a single mode log-normal distribution.
The simulation shown here was done for a 2 arc shaped fan conﬁguration. Consid- 20
ering the particle growth by H2SO4 only, concentrations in the order of 10
6 to 10
7 cm
−3,
as considered here, would result in growth rates smaller than 1nmh
−1 (Duplissy, 2010;
Nieminen et al., 2010). It was therefore speculated in Duplissy (2010) that experimental
determined growth rates up to about 40nmh
−1 were caused by additional, unidentiﬁed
condensable vapours. In the CLOUD-FPM simulations, only H2SO4 was considered. 25
For comparable growth rates (Fig. 15), a H2SO4 production rate of 2.5×10
6 cm
−3 s
−1
was assumed in the numerical simulation, resulting in a maximum H2SO4 concentration
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of about 5×10
8 /cm
−3 (see Fig. 13). Due to the high H2SO4 concentration, a very small
nucleation rate coeﬃcient of K=2.5×10
−17 was applied to limit particle nucleation rate
and total particle number. Applying this value, the particle nucleation rate was up to
about 6cm
−3 s
−3 (Fig.14), which is in the range of the formation rates determined in the
experiments (0.1 to 100cm
−3 s
−1, Duplissy, 2010). As shown by the included (small) 5
standard deviation of the particle number (Fig. 14), the particles were also found to be
quite homogeneously distributed over the tank’s volume for this fan conﬁguration. Fur-
thermore, mean particle size and sigma of the log-normal distribution are also almost
constant in the whole tank. Thus, the tank can be considered quite well mixed also for
the freshly nucleated H2SO4 particles, if a suitable fan conﬁguration, as given by the 10
2-fan set-up, is applied.
Again, the results are diﬀerent for an arc shaped 1-fan conﬁguration, as such a set
up cannot provide well mixed conditions inside the tank.
In summary, the mixing state of the particle number size distribution with fresh nucle-
ated small particles was found to be very similar to the mixing state of the gas species. 15
This means, if the tank’s gas contents are well mixed, the nano-sized particles are also
homogeneously distributed over the whole tank.
5 Conclusions
The CLOUD-FPM model was applied to conduct numerical simulations of the CLOUD
tank (26m
3) established at CERN (Switzerland). In the model, the CLOUD-09 chamber 20
was described by a 2-D axis-symmetric grid. The simulations were applied to calculate
the coupled ﬁelds of temperature, saturation ratio, ﬂow velocity, vapour species and
particle number size distribution.
The description of the mixing fans were realized via polynomial pressure jump set-
tings at zero thickness layers. The settings for the fans were derived by a comparison 25
of calculated with measured H2SO4 concentrations and a measured velocity proﬁle.
It was shown that the mixing state largely depends on the characteristics of the fans.
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Applying ﬂat fans, H2SO4 can be assumed to be homogeneously distributed over the
whole volume of the tank also for a 1-fan conﬁguration. For this conﬁguration, maxi-
mum volume-averaged deviations from the mean were about 10% of the total H2SO4
concentration. On the other hand, calculated and measured internal velocity proﬁle are
not in agreement for a fan with such a characteristics. Changing the fan shape to arc ﬁt 5
experimental and simulated data, but such a fan is not suitable to mix the whole tank,
as indicated by the resulting large variations of the (H2SO4) concentration inside the
chamber. It was found that there is an absolute need for a second fan in such a set up.
Therefore, a second fan has been already installed in the CLOUD chamber for actual
and further experiments. 10
With ﬁtted fan speed settings, the H2SO4 cycle in the tank was also simulated. As-
suming constant H2SO4 production rates in a certain, by the UV system illuminated
part of the tank, the increase of the H2SO4 concentration up to an equilibrium concen-
tration was simulated. Simulation results agree well with the experimental data for both
fan shapes and reasonable H2SO4 production rates. 15
The 1/e-mixing times for the system response to a instantaneous change of the wall
temperature or water saturation ratio were found to be in the range of few minutes.
Again, a second fan signiﬁcantly reduces the standard deviations and, depending on
the fan characteristics, it also may decreases the mixing time by a factor of 2–3.
Particles were also included into the simulations. It was found that the mixing state of 20
the particle number size distribution properties is quite similar to the mixing state of the
gaseous components. In other words, if the tank is homogeneously mixed with respect
to H2SO4, it can be also considered well mixed with respect to the fresh nucleated
nano-sized particles. In turn, using a mixing fan as given by the arc shaped layer does
not allow to distribute the particles homogeneously over the whole tank. 25
In conclusion, only 2 mixing fans can guarantee well mixed conditions inside the
chamber. A conﬁguration with only 1 fan comparable to the arc shaped fan investigated
here is not suitable to mix the whole tank properly. In fact, the second half of the tank
is not mixed by such a fan. A jet producing fan, e.g, reached by a hood around the fan,
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can mix the whole tank (10% standard deviations), but the inﬂuence of the wall is large
in such a conﬁguration. It follows that the position of the sampling point is a critical
issue in such a set up. Installing a second fan, the chamber can be assumed to be
homogeneously mixed with respect to gaseous and particle properties of the freshly
nucleated nano-sized particles for both fan shapes investigated here. For the 2-fan 5
conﬁguration, the characteristics of the fans and the positions of the sampling points
(located at about half of the height) are therefore much less critical.
Results shown here were carried out for a tank with the geometry of the CLOUD-
09 chamber. However as stated in this paper, the results largely agree with similar
studies made for a smaller cloud tank (Sch¨ utze and Stratmann, 2008). Therefore, 10
investigations shown here should be also valid for similar cloud tanks. This means, an
at least 2-fan conﬁguration should be chosen to provide well mixed conditions inside of
such a chamber.
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Table 1. The eﬀect of diﬀerent fan conﬁgurations on tank mixing.
Twall xH2O,wall
Conﬁguration 291.65K→271.65K 0.005→0.02
t/e[s] ∆T max[K] tmax[s] t/e[s]
1 x fan(ﬂat) 184 1.88 45
2 x fan(ﬂat) 151 1.61 8
1 x fan(arc) 222 3.03 282 287
2 x fan(arc) 100 2.00 21 118
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Fig. 1. Schematic diagram of the CLOUD-09 chamber, a cloud tank with ≈26m3. According to the
ﬁgures shown in the following, the front view of the tank was rotated by 90◦ (clockwise). At the mid-
height, the wholes to take of the sampling probes (sampling line) are visible.
Fig. 2. Numerical grid used for the CLOUD-FPM simulations. The thin lines next to the bottom and the
top are representing the mixing fans and the small, not meshed areas in between are the fan hubs.
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Fig. 1. Schematic diagram of the CLOUD-09 chamber, a cloud tank with ≈26m
3. According to
the ﬁgures shown in the following, the front view of the tank was rotated by 90
◦ (clockwise). At
the mid-height, the wholes to take of the sampling probes (sampling line) are visible.
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Fig. 1. Schematic diagram of the CLOUD-09 chamber, a cloud tank with ≈26m3. According to the
ﬁgures shown in the following, the front view of the tank was rotated by 90◦ (clockwise). At the mid-
height, the wholes to take of the sampling probes (sampling line) are visible.
Fig. 2. Numerical grid used for the CLOUD-FPM simulations. The thin lines next to the bottom and the
top are representing the mixing fans and the small, not meshed areas in between are the fan hubs.
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Fig. 2. Numerical grid used for the CLOUD-FPM simulations. The thin lines next to the bottom
and the top are representing the mixing fans and the small, not meshed areas in between are
the fan hubs.
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Fig. 3. H2SO4 lifetime experiments compared to numerical simulations. The experiment was RUN 12 at
25.11.2009. The simulations were performed for a 1-fan conﬁguration. The green line shows the results
for a ﬂat fan geometry. The red line gives the results for the arc shaped fan conﬁguration. The dotted
lines are the results at the assumed sampling spot, the solid lines are calculated volume weighted average
values. The gray areas standard deviations, calculated for the average values.
Twall xH2O,wall
Conﬁguration 291.65K→271.65K 0.005→0.02
t/e[s] ∆Tmax[K] tmax[s] t/e[s]
1 x fan(ﬂat) 184 1.88 45
2 x fan(ﬂat) 151 1.61 8
1 x fan(arc) 222 3.03 282 287
2 x fan(arc) 100 2.00 21 118
Table 1. The effect of different fan conﬁgurations on tank mixing.
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Fig. 3. H2SO4 lifetime experiments compared to numerical simulations. The experiment was
RUN 12 at 25 November 2009. The simulations were performed for a 1-fan conﬁguration. The
green line shows the results for a ﬂat fan geometry. The red line gives the results for the arc
shaped fan conﬁguration. The dotted lines are the results at the assumed sampling spot, the
solid lines are calculated volume weighted average values. The gray areas standard deviations,
calculated for the average values.
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Fig. 4. Measured internal air velocity 50cm above the fan (black dots) compared to simulation results.
The ﬂow direction was not measured, but properly has large azimuthal and radial components, especially
in the outer region. There was always no hood around the fan. Different shapes of the zero thickness
pressure jump layer (representing the mixing fan) results in different velocity proﬁles. A ﬂat fan conﬁg-
uration result in a velocity proﬁle signiﬁcantly different from experimental data (green line). To match
the experimental data, arc shaped layers are necessary (red line).
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Fig. 4. Measured internal air velocity 50cm above the fan (black dots) compared to simulation
results. The ﬂow direction was not measured, but properly has large azimuthal and radial com-
ponents, especially in the outer region. There was always no hood around the fan. Diﬀerent
shapes of the zero thickness pressure jump layer (representing the mixing fan) results in dif-
ferent velocity proﬁles. A ﬂat fan conﬁguration result in a velocity proﬁle signiﬁcantly diﬀerent
from experimental data (green line). To match the experimental data, arc shaped layers are
necessary (red line).
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Fig. 5. Part of the numerical grid to show the different fan shape treatments.
Fig. 6. UV Illumination below 317nm inside the CLOUD-09 chamber. Set up with 7 feedthrough rings
(before 2011).
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Fig. 5. Part of the numerical grid to show the diﬀerent fan shape treatments.
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Fig. 5. Part of the numerical grid to show the different fan shape treatments.
Fig. 6. UV Illumination below 317nm inside the CLOUD-09 chamber. Set up with 7 feedthrough rings
(before 2011).
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Fig. 6. UV Illumination below 317nm inside the CLOUD-09 chamber. Set up with 7 feedthrough
rings (before 2011).
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Fig. 7. Calculated H2SO4 concentration with constant H2SO4 production rate in comparison to
experimental CLOUD data. The source rate was 1.5×10
4 cm
−3 s
−1.
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Fig. 8. Example of simulation results of the CLOUD-09 chamber using a 1-fan conﬁguration.
The ﬁgure shows the velocity magnitude for a ﬂat fan conﬁguration.
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Fig. 9. Example of simulation results of the CLOUD-09 chamber using a 1-fan conﬁguration.
The ﬁgure shows the turbulent intensity for a ﬂat fan conﬁguration.
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Fig. 10. Example of simulation results of the CLOUD-09 chamber using a 1-fan conﬁguration.
The ﬁgure shows the velocity magnitude for a curved fan conﬁguration.
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Fig. 11. Example of simulation results of the CLOUD-09 chamber using a 1-fan conﬁguration.
The ﬁgure shows the turbulent intensity for a curved fan conﬁguration.
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Fig. 12. Temporal development of T and δT for an instantaneous drop of wall temperature by 20K.
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Fig. 12. Temporal development of T and δT for an instantaneous drop of wall temperature by
20K.
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Fig. 13. Calculated H2SO4 concentration assuming a constant production rate of 1e-11kg/s and a 2-arc-
shaped fan conﬁguration.
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Fig. 13. Calculated H2SO4 concentration assuming a constant production rate of
1×10
−11 kg s
−1 and a 2-arc-shaped fan conﬁguration.
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Fig. 13. Calculated H2SO4 concentration assuming a constant production rate of 1e-11kg/s and a 2-arc-
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Fig. 14. Mean volume weighted nucleation rate.
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Fig. 14. Mean volume weighted nucleation rate.
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Fig. 15. Mean volume weighted particle growth.
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